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Abstract 
Extremely warm, localized heat waves appear to be increasing globally.  Since the 
European summer heat wave of 2003 was preceded by unusual soil moisture conditions, 
the present study addressed whether anomalies in soil moisture and temperature are 
correlated temporally and/or spatially in the Northern Hemisphere (NH), and how they 
may be physically related.  Through the exploration of this question, three specific 
questions were investigated, (1) which years between 1979 and 2012 exhibited 
spring/summer soil moisture and temperature anomalies exceeding pre-defined thresholds 
compared to standardized data, (2) whether there are discernible trends in positive and 
negative soil moisture/temperature anomalies over time and (3) whether areas with 
anomalous temperatures also experienced soil moisture anomalies.  We found that, in a 
number of regions in the NH, negative soil moisture anomalies in the spring, indicating 
very dry soil, were significantly correlated with summers with extreme temperatures.  A 
better understanding of the underlying mechanisms causing heat waves, and how they 
vary over time, offers insight into relationships between atmospheric variability and 
surface processes.  
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 4 
Introduction  
 
 Extensive research on global warming trends and climate change is currently 
conducted in a broad range of diverse fields, including engineering, environmental 
sciences, ecology, atmospheric sciences and many other disciplines, in recognition of the 
complex mechanisms of climate change and its interaction with human society  
 Extremely warm, localized temperatures (heat waves) appear to be increasing 
globally (Chase et al., 2006).  The anomalous summer heat wave in 2010 broke all time 
temperature extremes across many regions in Russia, including the hottest July 
temperatures since 1880 in Western Russia (Dole et al., 2011).  Extreme temperatures 
may increase in the future due to rising greenhouse gases.  For example, one climate 
model experiment suggests a 5 to 10 times greater probability of future summers 
experiencing extreme anomalous warmth within the next 40 years (Barriopedro et al., 
2011).  Another major heat wave occurred in Europe in 2003, with 14,800 lives lost in 
France alone during its nine-day duration (Bouchama, 2004).  Temperatures during the 
Russian heat wave in 2010 were much more extreme and the total affected area was 
greater than in the 2003 European heat wave (Barriopedro et al., 2011).  However, 
concerning the 2003 European heat wave, a climate model indicated that temperatures 
could have been reduced by up to 40% if extreme soil moisture anomalies had not been 
present in the months preceding the heat wave (Fischer et al., 2007).  Fischer et al. (2007) 
also demonstrated a positive feedback cycle between the variables of soil moisture, air 
circulation and temperatures by using a regional climate model and data from the 
ECMWF (European Centre for Medium-Range Weather Forecasts).  Through the use of a 
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regional climate model, Lorenz et al. (2010) predicted that a lack of soil moisture may 
intensify heat waves and increase their persistence.  
 One highly unlikely cause for the association between low soil moisture and 
subsequent heat waves could be a transfer of water from the soil to the atmosphere, where 
atmospheric water strongly absorbing infrared radiation from the sun could exert a 
greenhouse effect.  A radiation model (a general atmospheric circulation climate model), 
indicated that the largest contributors to the greenhouse effect are water vapor 
(contributing around 50% of the total effect), clouds (contributing around 25%), and 
carbon dioxide (contributing around 20% of the total effect) (Schmidt et al., 2010).  Since 
water vapor is the number one contributor to the greenhouse effect, a lack of soil 
moisture associated with increased atmospheric water content, could thus heavily impact 
air temperatures.  However, while atmospheric water vapor contributes to the greenhouse 
effect on a global scale over long periods of time, other, smaller-scaled processes will 
most likely underline the association between soil moisture and temperature for more 
short-term, localized heat waves.    
 A more likely mechanism for regional heat waves can be derived via the surface 
energy balance in equation (1), 
    (1) 
€ 
RNET = SHF + LHF +GHF  
in which RNET is net energy available at the surface of the Earth, SHF is sensible heat flux 
(heat flux associated with a change in temperature), LHF is latent heat flux (heat flux 
associated with water phase changes) and GHF is ground heat flux, or heat flux of the 
soil (GHF essentially averages to zero over time because the surface temperature is 
relatively stable) (Christopherson, 2005).  Total radiation received from the sun comes as 
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visible light.  Once this light hits the surface, it is reflected or radiated as infrared 
radiation (Christopherson, 2005).  Radiation from the sun first heats soil water via latent 
heating, and this eventually causes water molecules to evaporate, transferring a lot of 
energy (in the form of latent heat) and mass into the atmosphere (Christopherson, 2005).  
It furthermore follows from equation (1) that constant net radiation in the presence of 
moisture in the soil will first evaporate water via latent heating and subsequently heat the 
soil after most water has evaporated via sensible heat, with this heating subsequently 
causing changes in ground and surface level air temperatures.  This could be a possible 
explanation between the link of soil moisture and heat waves.  
 Based on the above-described studies and mechanisms behind the surface energy 
balance, the general question remains: are soil moisture anomalies correlated temporally 
and/or spatially to anomalous temperatures and, if so, do negative soil moisture 
anomalies precede positive temperature anomalies?  In particular, I addressed the 
following questions, i.e. (1) have temperature and/or soil moisture anomalies been 
significantly different from the averages (defined as, normalized climatology) for these 
variables from 1979-2006 for a given season in the Northern Hemisphere (NH), (2) are 
there any trends in the NH in temperature and/or soil moisture variation in either spring 
or summer over the time frame of decades, and (3) are there associations between areas 
experiencing temperature and soil moisture anomalies on a regional scale in either spring 
or summer.  I predicted that soil moisture and temperature anomalies would be correlated 
temporally and spatially, and that negative spring soil moisture anomalies would precede 
positive summer temperature anomalies in given areas. 
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Methods 
 Data from NCEP/NCAR Reanalysis 1 Project (National Centers for 
Environmental Protection and National Center for Atmospheric Research) and from 
NOAA's (National Oceanic and Atmospheric Administration) Climate Prediction Center 
(CPC), were utilized for analysis.  The Reanalysis 1 Project is a state-of-the-art analysis 
and forecasting system that performs different data assimilations (Kalnay et al., 1996).  
All data were analyzed from 1979 to 2012 for the spring (March, April and May, 
abbreviated as MAM) and summer (June, July and August, abbreviated as JJA) seasons 
in the NH, which falls between latitudes of 22-80°N.  Analyses were done as described 
by Gill et al., (2013) and Chase et al., (2006).  
(1) Yearly Anomalies 
 
 Data on monthly mean CPC Soil Moisture from 1948-present containing monthly 
averaged soil moisture data, were obtained from NOAA's website.  Monthly mean 
geopotential height data (see below) from 1948-present were obtained from the 
NCEP/NCAR Reanalysis 1 project.  Geopotential height is a vertical coordinate system 
using pressure levels as a reference to Earth's mean sea level (Holton, 1979).  The 
thickness between two pressure levels (geopotential height) is proportional to mean air 
temperature since geopotential height is a measure of mass based on gravity.  
Temperature was calculated using geopotential thickness between surface level (1000 
mb) and 500 mb (the atmospheric layer closest to the surface where the majority of 
weather occurs) using the following equation provided by Holton (1979): 
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 (2)  
€ 
T =
[φ(p2) −φ(p1)]* g* log(
p1
p2
)
Rd  
where T is temperature, ϕ(p2) is geopotential height at the lower pressure level (1000 
mb), ϕ(p1) is pressure level at the upper pressure level (500 mb), g is the gravitational 
constant (9.807 m/s2) and Rd is the gas constant for dry air (287 J/kg*k).   
 From there, in GrADS (Grid Analysis and Display System), computer code was 
written to pull data for a specific variable (temperature or soil moisture) from the data file 
for 1979-2012 for the specific season indicated in the script (MAM or JJA).  Following 
these specifications, code was added to calculate the average of all values for a given 
variable from 1979-2006 for a given season (normalized climatology).  After this average 
was obtained, code was added to calculate what percentage of the NH experienced 
anomalies in a given year that exceeded pre-determined thresholds of +/- 2 SD, 3 SD and 
3.5 SD from the norm.   Equation (3) below was used to calculate standard deviation 
(SD) (Chase et al., 2006). 
€ 
X  is the average and n is the number of years, 34.  Then, code 
was added to specify for which year the script was calculating anomalies.  This script was 
then run individually each year, each variable, and each season, to obtain percentages of 
the NH exceeding the pre-determined standard deviations.  These values were recorded in 
an Excel spreadsheet. 
 (3)  
€ 
SD = Σ(Xi − X )
2
n −1  
 9 
Once all anomaly values were obtained, histograms were made in Excel to visually 
determine those years experiencing temperature and soil moisture anomalies that 
exceeded +/- 2, 3 and 3.5 SD from the norm. 
(2) Northern Hemisphere Variability 
 
 To investigate variability in the Northern Hemisphere, GrADS was used again.  
Another script was written to analyze trends in variability for the two variables (soil 
moisture and temperature) to determine if the NH experienced changes in variability over 
time.  Again, code was added to specify data files, years, and season to use, and to 
calculate the change in standard deviations per decade for spring and summer soil 
moisture and spring and summer temperature.  The result of this latter script is a color 
map serving for visual analysis of which areas in the NH experience changes in soil 
moisture and temperature over the 34 years examined. 
(3) Regional Variation 
 
 Histograms created in the previous section were used to choose four of the most 
anomalous years (2008, 2009, 2010 and 2011) for analysis of soil moisture anomalies in 
areas exhibiting temperature anomalies.  Using the same scripts used to obtain yearly 
anomalies, individual maps were created for both variables and both seasons for the four 
most anomalous years to visually assess temperature anomalies for areas experiencing 
soil moisture anomalies.   
Temporal Correlations 
 
 Lag correlations between soil moisture and temperature anomalies were 
performed in the statistical analysis package, R, to specify if anomalies in one variable 
precede anomalies in the other variable.  The Excel spreadsheets used to compile the 
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anomaly values were converted into a .csv format and loaded into R.  Once in R, we 
tested the data using three correlation tests, i.e. Pearson, Kendall and Spearman, to 
determine significance of lag-relationships across seasons and variables (Table 1). 
Results  
 
(1) Yearly Anomalies 
 Examination of yearly NH anomalies revealed that positive spring soil moisture 
anomalies exceeding 3.5 SD have occurred in every year since 2005 and exhibit 
increasing trends in the area of the NH they encompass.  The most anomalous of these 
years were 2009 and 2010, with a little over 1% of the NH experiencing soil moisture 
anomalies 3.5 SD from the norm.  It is also interesting to note that, within the last decade, 
only four years (2006, 2009, 2010 and 2011) experienced temperatures that were 
significantly lower than the norm in spring.  Figure 1(a&b), 2(a), 3(a&b) and 4(a) 
indicate that, over time, an increasing percentage of the NH is experiencing anomalous 
soil moisture and temperatures.  However, it was not until this past decade in the NH, that 
soil moisture anomalies started to exceed 3 and 3.5 SD above the norm.  Figures 2(b) and 
4(b) show declines in the percentage of the NH experiencing negative spring and summer 
temperatures.  
(2) Northern Hemisphere Variability  
 As seen in Figures 5 and 6, the area around Greenland (60-90°N & 60-0°W) is 
becoming increasingly variable for both soil moisture and temperatures in both spring 
and summer.  The same figures indicate that the area around Northern Russia (60-90°N & 
60-120°E) is becoming increasingly variable in spring/summer soil moisture anomalies 
and spring temperature anomalies but is becoming less variable in summer temperatures. 
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 (3) Regional Variation 
 Figures 7 through 10 show that areas experiencing anomalous temperatures and/or 
soil moisture in spring continue to do so in summer, with the amount of SD's exceeding 
the norm increasing as seasons proceed.  Figure 9 shows that in 2010 Greenland (60-
90°N & 60-0°W) experienced 3.5 SD below the norm for spring soil moisture and 2 SD 
above the norm for summer temperatures.  This same pattern is exhibited in 2010 in 
Eastern Europe (45-80°N & 0-60°E), and in 2011 in North Eastern Europe (45-80°N & 0-
60°E) (Figures 9 & 10). 
Temporal Correlations 
 Lag correlations revealed that negative spring soil moisture anomalies are 
significantly correlated with and are preceding, positive summer temperature anomalies 
for the 2, 3 & 3.5 SD classifications (2 SD: r=0.6241, p=0.0001. 3 SD: r=0.7168, 
p=2.7E-6. 3.5 SD: r=0.6797, p=1.4E-5).  Positive spring temperature anomalies are 
significantly correlated, and are preceding, negative summer soil moisture anomalies for 
the 2, 3 & 3.5 SD classifications (2 SD: r=0.6384, p=6.4E-5. 3 SD: r=0.6937, p=7.6E-6. 
3.5 SD: r=0.6249, p=1.0E-4).  There were no other significant findings, but lag 
correlations were completed for numerous other combinations, as outlined in Table 1. 
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Tables & Figures 
Table 1.  All lag correlations performed and their corresponding results.  Spring (March, April and May) is 
abbreviated as MAM, summer (June, July and August) is abbreviated as JJA, soil moisture is abbreviated 
as SM and temperature is abbreviated as TEMP.  Note that the reverse of these correlations was also run 
but none were anti-correlated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sign Season Variable Are significantly 
correlated and preceding 
Sign Season Variable 
- MAM SM YES + JJA TEMP 
+ MAM TEMP YES - JJA SM 
- MAM TEMP NO - JJA SM 
- MAM TEMP NO + JJA SM 
+ MAM SM NO + JJA TEMP 
- MAM SM NO - JJA TEMP 
+ MAM SM NO - JJA TEMP 
+ MAM TEMP NO + JJA SM 
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Figure 1 (a & b).  Histograms displaying the percentage of the NH (22-80°N) experiencing (a) positive, 
warm and (b) negative, cold soil moisture anomalies of 2, 3 and 3.5 SD from the norm in Spring (MAM) 
since 1979.  
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(a)  Positive MAM Soil Moisture Anomalies 
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(b)  Negative MAM Soil Moisture Anomalies 
-2 S.D. -3 S.D. -3.5 S.D. 
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Figure 2 (a & b).  Histograms displaying the percentage of the NH (22-80°N) experiencing (a) positive, 
warm and (b) negative, cold temperature anomalies of 2, 3 and 3.5 SD from the norm in Spring (MAM) 
since 1979. 
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(a)  Positive MAM Temperature Anomalies 1000-500mb 
2SD 3SD 3.5SD 
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(b)  Negative MAM Temperature Anomalies 1000-500mb 
-2 S.D. -3 S.D. -3.5 S.D. 
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Figure 3 (a & b).  Histograms displaying the percentage of the NH (22-80°N) experiencing (a) positive, 
warm and (b) negative, cold soil moisture anomalies of 2, 3 and 3.5 SD from the norm in Summer (JJA) 
since 1979. 
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(a)  Positive JJA Soil Moisture Anomalies  
2 S.D. 3 S.D. 3.5 S.D. 
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(b)  Negative JJA Soil Moisture Anomalies 
-2 S.D. -3 S.D. -3.5 S.D. 
 16 
 
 
Figure 4 (a & b).  Histograms displaying the percentage of the NH (22-80°N) experiencing (a) positive, 
warm and (b) negative, cold temperature anomalies of 2, 3 and 3.5 SD from the norm in Summer (JJA) 
since 1979. 
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(a)  Positive JJA Temperature Anomalies 1000-500mb 
2 S.D. 3 S.D. 3.5 S.D. 
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(b)  Negative JJA Temperature Anomalies 1000-500mb 
-2 S.D. -3 S.D. -3.5 S.D. 
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Figure 5 (a & b).  World maps showing trends in variability from 1979-2012 in (a) soil moisture and (b) 
temperature for Spring (MAM).  Warmer colors indicate increases in variability over time while cooler 
colors indicate decreases in variability.   
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Figure 6 (a & b).  World maps showing trends in variability from 1979-2012 in (a) soil moisture and (b) 
temperature for Summer (JJA).  Warmer colors indicate increases in variability over time while cooler 
colors indicate decreases in variability.  
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Figure 7 (a & b).  World maps showing, (a) Spring (MAM) soil moisture anomalies for 2008, and (b) 
Summer (JJA) soil moisture anomalies for 2008 in SD exceeded.  Warmer colors indicate anomalous wet 
soil and cooler colors indicate anomalous dry soil. 
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Figure 7 (c & d).  World maps showing, (a) Spring (MAM) temperature anomalies, and (b) Summer (JJA) 
temperature anomalies for 2008 in SD exceeded for the 1000-500 mb pressure level.  Warmer colors 
indicate anomalous hot temperatures and cooler colors indicate anomalous cold temperatures. 
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Figure 8 (a & b).  World maps showing, (a) Spring (MAM) soil moisture anomalies, and (b) Summer 
(JJA) soil moisture anomalies for 2009 in SD exceeded.  Warmer colors indicate anomalous wet soil and 
cooler colors indicate anomalous dry soil. 
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Figure 8 (c & d).  World maps showing, (a) Spring (MAM) temperature anomalies, and (b) Summer (JJA) 
temperature anomalies for 2009 in SD exceeded for the 1000-500 mb pressure level.  Warmer colors 
indicate anomalous hot temperatures and cooler colors indicate anomalous cold temperatures. 
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Figure 9 (a & b).  World maps showing, (a) Spring (MAM) soil moisture anomalies, and (b) Summer 
(JJA) soil moisture anomalies for 2010 in SD exceeded.  Warmer colors indicate anomalous wet soil and 
cooler colors indicate anomalous dry soil. 
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Figure 9 (c & d).  World maps showing, (a) Spring (MAM) temperature anomalies, and (b) Summer (JJA) 
temperature anomalies for 2010 in SD exceeded for the 1000-500 mb pressure level.  Warmer colors 
indicate anomalous hot temperatures and cooler colors indicate anomalous cold temperatures. 
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Figure 10 (a & b).  World maps showing, (a) Spring (MAM) soil moisture anomalies, and (b) Summer 
(JJA) soil moisture anomalies for 2011 in SD exceeded.  Warmer colors indicate anomalous wet soil and 
cooler colors indicate anomalous dry soil. 
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Figure 10 (c & d).  World maps showing, (a) Spring (MAM) temperature anomalies, and (b) Summer 
(JJA) temperature anomalies for 2011 in SD exceeded for the 1000-500 mb pressure level.  Warmer colors 
indicate anomalous hot temperatures and cooler colors indicate anomalous cold temperatures. 
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Discussion  
 
 While many significant results were found in this study, my main hypothesis was 
confirmed, i.e. negative spring soil moisture anomalies are correlated with subsequent 
positive summer temperature anomalies for all standard deviation thresholds.  The 
converse also holds true, with positive spring temperature anomalies being correlated 
with subsequent negative summer soil moisture anomalies.  These findings support the 
study by Fischer et al. (2007) that determined that the European heat wave would not 
have been as intense if negative soil moisture anomalies had not been present in the 
months before the heat wave.  Fischer et al. (2007) focused on one heat wave in one area, 
while the present study exemplifies how this pattern is also exhibited at a much larger 
scale throughout the NH.   
 The finding that the percentage of the NH experiencing both positive and negative 
anomalies for spring and summer soil moisture has been steadily increasing during the 
past decade indicates that spring and summer soil moisture is becoming more variable.  
While the percentage of the NH experiencing positive spring and summer temperature 
anomalies also seems to be increasing in the past decade, the percentage of the NH 
experiencing temperatures below the average in spring and summer is decreasing.  The 
histograms generated here give a good visual representation of how more of the NH is 
experiencing anomalous soil moisture and hot temperatures throughout time, indicating 
enhanced variability.  To determine significant trends over time, statistical analysis 
(rather than the visual analysis performed in this study) should be performed in the future 
but was beyond the scope of the present study. 
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 The area around Greenland exhibits multiple trends as being extremely variable or 
anomalous for soil moisture and temperature in all seasons.  However, since Greenland is 
mostly covered with ice throughout the year, the soil moisture data are likely unreliable 
for this region.  The observation that Northern Russia is also becoming increasingly 
variable in spring/summer soil moisture anomalies and spring temperature anomalies, but 
is becoming less variable in summer temperatures, could be due to the influence of the jet 
stream over this region.  The topography of Russia, combined with the migration of the 
jet stream, maybe producing the high variability exhibited in this region.  
 To further examine the relationship between extremely dry soil in the spring and 
subsequent summer heat waves, a similar analysis to the present study could be 
performed for one specific region instead of assessing the NH as a whole.  For example, 
to determine if soil moisture anomalies were correlated to the Russian heat wave in 2010, 
the same analysis could be done in GrADS script.  Code would need to be added to 
specify that only the region around Russia should be analyzed.  If this analysis provided 
the same results in this specific area, this would be evidence supporting the hypothesis 
that soil moisture anomalies are a major factor in the intensity and persistence of the 
European heat wave in 2003.  Also, significant findings would suggest that similar soil 
moisture anomalies had the same effect in the 2010 Russian heat wave as the anomalies 
in the 2003 European heat wave.  The Russian and other exceptional regional heat waves 
would be an excellent avenue for future study.   
 Through understanding of the mechanisms driving formation and occurrence of 
heat waves, future studies may allow predictions to be made for how the deleterious 
effects of heat waves on specific regions can be reduced.  For example, the public can be 
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warned of potentially very hot summers and measures to counter such extreme 
temperatures could be taken.  Furthermore, if a continuing pattern is observed, 
preventative strategies can be initiated to ensure higher soil moisture content in the 
spring, such as cultivating vegetated areas (e.g. roof top gardens or community gardens), 
slowing down (and ideally stopping) deforestation and halting the steady crawl of 
urbanization.  However, maintaining moist soil over a large area of land may be difficult 
and unfeasible.  Therefore, the knowledge gained through understanding the mechanisms 
driving heat waves would be more useful for adaptive, rather than preventative measures.  
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